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An efficient route for fabrication of cadmium sulfide nanoparticles in polymer matrix is presented in 
this paper. CdS quantum dots have been prepared in polyvinyl alcohol (PVA) by SILAR method. The effect 
of cycle number on physical properties of CdS nanoparticles has been studied. The optical, structural and 
morphological properties of nanocrystal samples were characterized by Uv-Vis absorbance, X-Ray Diffrac-
tion (XRD) and atomic force microscopy (AFM), respectively. The shift of optical absorption edge to shorter 
wavelengths, than that for the bulk CdS, indicates that the nanometer-sized particles represent the quan-
tum confinement effects. The band gaps are calculated from the optical absorption studies, ranging from 
2.88 to 2.41 eV. Particle sizes are estimated from the effective mass approximation. In addition, particle 
sizes are calculated from the XRD studies that are in good agreement with those estimated from the band 
gap values. XRD results illustrate nanocrystals have cubic structure with (111) preferred orientation. AFM 
pictures of the CdS/PVA surfaces show cluster formation of nanoparticles.  
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1. INTRODUCTION 
 
The II-VI chalcogenide nano-materials have a wide 
range of applications in variety of extends. Among them, 
cadmium sulfide (CdS), due to its considerable optical 
and electronic properties, has been using remarkably in 
the field of optoelectronics. The direct, wide energy band 
gap of CdS (about 2.4 eV. for bulk material) makes it a 
good candidate for using as a window layer in the se-
cond generation of solar cells [1, 2]. 
Small nanoparticles (diameter less than 10 nm) 
which also known as quantum dots (QDs) show the 
quantum confinement effects. One of the most im-
portant of those effects is the variation of band gap with 
the size of the particle. It has been found that when the 
size of nanoparticles are comparable or smaller than 
their exciton Bohr radius (5.8 nm for CdS), the band gap 
increases with decreasing particle size [3]. Size control 
and band gap tailoring makes QD nanoparticles very 
appropriate for different applications. In recent years 
CdS quantum dots (QDs) fabricated by SILAR (succes-
sive ionic layer adsorption and reaction) method on TiO2 
[4] or ZnO [5] photoanodes are widely used in quantum 
dot sensitized solar cells (QDSSCs). In addition CdS-
QDs have been employed in the light emitting diodes 
[6, 7] and field-emission devices [8].  
Since the nanoparticles are thermodynamically un-
stable, an agglomeration effect and as a consequent 
crystal growth can take place. To control the size of na-
noparticles they are stabilized with organic systems 
that “enveloped them” and obstruct their agglomeration. 
Some polymers, organics or compounds have been uti-
lized for this purpose as capping agents, like polyvinyl 
alcohol (PVA) [9], thiophenol [10], sodium citrate [11] 
and Sodium Hydroxide [12].  
Various methods have been adopted for the synthe-
sis of CdS nanocrystals including chemical bath deposi-
tion (CBD) [13, 14], Microwave assisted [15], chemical 
precipitation technique [16], sol-gel [17] and successive 
ionic layer adsorption and reaction (SILAR) [18-21]. 
Also there are some reports on PVA capped CdS 
nanostructures (CdS/PVA nanocomposite) by CBD  
[22-26]. A complete and Comprehensive review on SI-
LAR method is published by S.M. Pawar et al. [27]. For 
preparation of CdS nanostructures, the soda-lime glass 
is usually used as the substrate. On the other hand, 
Saglam et al. [28] synthesized CdS nanocrystals directly 
on the n-type Si substrates. Azizian et al. [29] used pho-
tographic gelatin film as a polymeric matrix.  
Using a polymer matrix decreases the number of SI-
LAR cycles, as reported that from about 50 cycles the 
nanoparticles were formed and poor crystallinity can be 
found [30]. For this purpose and because of its high die-
lectric constant (~ 28) [31], PVA is selected as a matrix 
to grow CdS quantum dots in this work. In addition, 
PVA matrix surface works as a seed medium and nucle-
ation centers, for the growth of nanoparticles. Therefore, 
it controls the size and agglomeration of nanoparticles.  
 
2. MATERIAL AND METHODS 
 
All chemicals were used as received without any 
further purification. First of all, a 2% solution of PVA 
(MW  72000 g/mol, from merck) in Double distilled 
water was prepared. After complete dissolution of pol-
ymer in the water, a series of PVA films were deposited 
on well cleaned soda-lime glasses with drop cast meth-
od. The PVA films left at room temperature for two 
days to dry completely. Aqueous solutions of 0.1 M/L 
Cadmium acetate ((CH3COO)2Cd × 2H2O from merck) 
and 0.1 M/L Sodium sulphide (Na2S × 9H2O from ACS) 
were used as cationic and anionic precursors, respec-
tively. A SILAR cycle is carried out by immersing the 
substrate into the cationic precursor solution for 30 S, 
followed by washing the substrate with DI-water, and 
then immersing it into the anionic solution for 30 S, the 
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final step is again the washing step. This is one com-
plete SILAR cycle. Washing step is done to prevent 
homogenous precipitation. Just after the first cycle, the 
light yellow color of the samples revealed that CdS 
nanostructures have been formed in the polymer ma-
trix. This procedure has done up to 4 cycles. 
UV-Vis absorption spectra were recorded on a Per-
kin Elmer Lambda 25, using a PVA film as a reference 
sample. The crystalline structure of the samples was 
investigated by X-ray diffraction (XRD) analysis with 
Bruker D8 Advance P.W. 3810 instrument, using Cu-
K radiation as the source. Atomic force microscopy 
(AFM) images of the samples surface were carried out 
by CP Research from Veeco Instruments Inc. 
 
3. RESULTS AND DISCUSSION  
 
3.1 Optical Properties  
 
Fig. 1 shows the optical absorbance spectra of the 
CdS/PVA samples with different cycles. The blue shift of 
absorption edge, due to small nanoparticle size, is clear. 
The value of the optical band gap energy (Eg) can be 
determined from the absorption spectra by using Tauc’s 
relation [32].  
 
   ( )ngh B h E    , (3.1) 
 
where ℎ is the Planck’s constant, B is a constant depend-
ing on the electron/ hole effective masses and n is a con-
stant which depends on the nature of the transition be-
tween the valance band and conduction band. For direct 
transitions n  1/2 and for indirect transitions n  2. The 
plot of 2(  )h  versus h  for CdS nanoparticles with dif-
ferent cycles is shown in Fig. 2. 
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Fig. 1 – Optical absorbance spectra of CdS nanoparticles with 
different SILAR cycles 
 
By extrapolating the linear portion of the plots in 
Fig. 2 to the energy axis, the optical band gap values  
have been estimated. Band gap values for the samples 
are listed in Table 1. It is clear that by increasing the 
number of SILAR cycles the band gap is getting smaller 
and become closer to the bulk value. 
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Fig. 2 – Pplot of 
2(  )h  versus h  for CdS nanoparticles 
formed in PVA matrix with different cycles 
 
The size of CdS nanoparticles is estimated through 
UV-Vis spectrophotometry, by comparison of the Eg 
values with a theoretical model. The Brus model  
[33, 34] is a theoretical model based on quantum me-
chanics known as the effective mass approximation 
(EMA). This model expresses a relationship between 
the Eg energy and the nanoparticle radius (r) described 
by the equation (3.2): 
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where Enp is the band gap energy of the CdS nanoparti-
cle, Eg is the band gap energy of bulk CdS, e is the elec-
tron charge, r is the average nanoparticles size, m*e is 
the effective mass of electron (0.19 me in CdS), m*h is 
the effective mass of hole (0.8 me in CdS) [35], r is the 
high-frequency dielectric constant and 0 is the permit-
tivity of vacuum. The second term in equation (3.2) 
referred to as the quantum localization term (like a 
particle in a box, for the exciton), which shifts the band 
gap to higher energies proportionally to r – 2. The third 
term in equation (3.2) arises due to the screened cou-
lomb interaction between the electron and hole, it shifts 
Enp the to lower energy by a factor of r – 1. This term can 
be neglected due to high permittivity of the material. 
The calculated particle sizes were listed in Table 1.  
The calculated average particle sizes using equation 
(3.2) are 3.2 nm, 5.5 nm and 5.9 nm for 1, 2 and 3 SI-
LAR cycles, respectively. The size of nanoparticles for 
sample 1 to 3 is smaller than exciton Bohr radius. But  
 
Table 1 – Description of the special paragraph styles 
 
sample Eg (eV) R (EMA) (nm) D (XRD) (nm) Interplanar distance (Å) 
1 cycle 2.88 3.2 - - 
2 cycles 2.56 5.5 5.53 3.317 
3 cycles 2.54 5.9 6.90 3.324 
4 cycles 2.41 - 7.92 3.310 
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for sample with 4 SILAR cycles the band gap value is 
almost the same as bulk band gap value, so the EMA 
theory is not valid anymore. 
 
3.2 Structural Analysis 
 
Fig. 3 shows the X-ray diffraction (XRD) patterns of 
the samples. The sample which is labeled as PVA is the 
XRD pattern of a PVA film on glass substrate before fab-
rication of CdS-QDs. This sample is amorphous and 
shows no preferential orientation peak. The broad hump 
in that sample is due to amorphous glass substrate. As 
can be seen the sample with one SILAR cycle is also 
amorphous, this may be due to very small size of nano-
particles, so the Bragg reflections are poor and XRD can-
not detect them, or because the entire polymer surface is 
not covered by CdS-QDs. By increasing the number of 
cycles, a broad peak can be seen at 2  26.5° which is 
related to the reflection from (111) plane of cubic CdS 
accordant with JCPD card No. 01-080-0019 with stand-
ard interplanar distance d  3.355 (Å). The intensity of 
this peak increases with increasing the number of cycles. 
The XRD patterns of samples 3 and 4 also exhibit anoth-
er feeblish, broad peak at 2  43.9° related to (220) 
plane. The XRD peaks are found to be very broad, indi-
cating very fine size of the crystallites of the samples. It 
has been reported that the crystal phase of CdS depends 
on the crystallite size. Smaller CdS crystallites tend to 
show cubic lattice structure whereas larger crystallites 
normally have hexagonal structure [3].  
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Fig. 3 – XRD patterns of CdS/PVA samples with different cycles  
 
One of the most basic tasks in nanoscience is the ac-
curate determination of particle sizes. Various methods 
have been developed to find out the mean particle diame-
ter of nanocrystals. A very simple way to estimate the 
particle size from XRD data is its calculation from the 
width of the Bragg reflections according to the Debye-
Scherrer formula (equation (3.3)) [36]: 
 
 .
 
 cos
D S
k
D

 
 , (3.3) 
 
цhere k is a constant related to the crystalline geomet-
rical shape which is taken 0.9,  is the wavelength of 
used X-ray (1.54 Å),  is the full with at half maximum 
(FWHM) and θ is the diffraction angle. The applicability 
of the simple Scherrer formula for size determination 
from the XRD reflections is checked by Borchert et al. 
[37]. Calculation of the particle size with the Scherrer 
equation will lead to an effective diameter, which is 
smaller than the geometric diameter. For broad peaks it 
is better to refine and correct the Scherrer formula. In the 
case of spherical particles the corrections led to [37]: 
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Structural parameters such as crystallite size and in-
terplanar distance are listed in Table 1. The values of 
crystallite size calculated from XRD analysis are in great 
agreement with those estimated from EMA theory. The 
decrease in interplanar distances compared to the stand-
ard value could be due to the fine size of crystallites. The 
style, which is used to format the headers and footers. 
 
3.3 AFM Morphology  
 
To find out detailed morphological properties of the 
samples surface, atomic force microscopy (AFM) is em-
ployed. AFM is also an appropriate method for investi-
gation and quantitative measurement of surface 
roughness parameters. Some important roughness pa-
rameters are Rq: root mean squared (RMS) roughness, 
Ra: average roughness, Rp: maximum peak height, Rv: 
maximum valley depth. These parameters are listed in 
Table 2. Two dimensional (2D) and three dimensional 
(3D) pictures of the samples surface are shown in Fig. 4 
to 6.  
In Fig. 4 the surface of PVA sample, before fabrica-
tion of nanoparticles, is shown. This surface is very 
smooth without any texture or agglomeration of parti-
cles. For more precision the scale of this sample is 
smaller than other samples. It is also clear from Ta-
ble 2 that this surface is very smooth and all roughness 
parameters are small. From Fig. 5 one can see that 
after the first cycle there is a steep increase in all 
roughness parameters, especially in Rq and Ra which 
shows the growth of nanostructures on the PVA surface.  
 
Table 2 – Roughness data and average grain sizes of the 
samples from AFM analysis 
 
Sample Rq (nm) Ra (nm)  Rp (nm) Ry (nm) Average 
grain size 
(nm) 
PVA 2.25 1.51 13.49 – 26.67 - 
1 cycle 30.78 24.48 64.30 – 68.76 190.0 
2 cycles 19.57 16.31 43.84 – 43.44 214.8 
3 cycles 27.63 19.86 78.58 – 114.8 302.7 
4 cycles 148.6 115.9 255.7 – 324.2 1320.0 
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The separated spherical agglomerations can be detected 
with a size about 190 nm.  It can be said that the entire 
surface has not been covered at the first cycle. The AFM 
image of the sample with two SILAR cycles is shown in 
Fig. 6. It is clear that the agglomerations of nanoparti-
cles are grown. At the first glance this is in contrary with 
data in Table 2, since the roughness parameters are low-
er than data for the sample with 1 cycle. This may be 
due to saturation and complete coverage of the surface 
by nanoparticles. Because of that the surface is smoother 
than the 1cycle. After this stage, the clusters are getting 
larger and augment the size. From the third cycle, by 
increasing the number of SILAR cycle the roughness of 
the surface increases. The AFM image of the sample 
with 3 SILAR cycles. Entire the surface is covered by 
CdS nanoparticles. Finally, for the 4 cycles the clusters 
are growth and gross grains have been formed. 
 
 
 
Fig. 4 – 2D (a) and 3D AFM micrograph of a PVA film surface (b) 
 
 
 
Fig. 5 – 2D (a) and 3D AFM image of CdS nanostructures after 1 SILAR cycles (b) 
 
 
 
Fig. 6 – 2D (a) and 3D AFM image of CdS nanostructures after 2 SILAR cycles (b) 
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4. CONCLUSIONS 
 
CdS nanoparticles have been grown on the PVA 
matrix surface on glass substrates, by SILAR method. 
With fewer cycles we have found that CdS quantum 
dots have been fabricated. XRD analysis of these small 
crystallites showed that just after the second cycle, 
cubic crystal structure with (111) preferred orientation 
is formed. Particle sizes are estimated from the band 
gap values using the EMA theory. Those are in good 
agreement with XRD results. From optical investiga-
tions, direct band gap of the samples was found be-
tween 2.88 and 2.41 eV. Studies on morphology of the 
surface showed the agglomeration of nanocrystallites. 
By increasing the number of SILAR cycle the rough-
ness of the surface increased. Simple and facile route, 
low number of cycles and tunable band gap make this 
method very efficient to make quantum dots for differ-
ent applications such as QDSSCs, OLEDs and other 
optoelectronic devices.  
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